Cellular differentiation and lineage commitment are considered to be robust and irreversible processes during development. Recent work has shown that mouse and human fibroblasts can be reprogrammed to a pluripotent state with a combination of four transcription factors. This raised the question of whether transcription factors could directly induce other defined somatic cell fates, and not only an undifferentiated state. We hypothesized that combinatorial expression of neural-lineage-specific transcription factors could directly convert fibroblasts into neurons. Starting from a pool of nineteen candidate genes, we identified a combination of only three factors, Ascl1, Brn2 (also called Pou3f2) and Myt1l, that suffice to rapidly and efficiently convert mouse embryonic and postnatal fibroblasts into functional neurons in vitro. These induced neuronal (iN) cells express multiple neuron-specific proteins, generate action potentials and form functional synapses. Generation of iN cells from non-neural lineages could have important implications for studies of neural development, neurological disease modelling and regenerative medicine.
The diverse cell types present in the adult organism are produced during development by lineage-specific transcription factors that define and reinforce cell-type-specific gene expression patterns. Cellular phenotypes are further stabilized by epigenetic modifications that allow faithful transmission of cell-type-specific gene expression patterns over the lifetime of an organism 1, 2 . Recent work showing that four transcription factors are sufficient to induce pluripotency in primary fibroblasts demonstrated that fully differentiated cells can be induced to undergo dramatic cell fate changes 3 . Similarly, the transfer of somatic cell nuclei into oocytes, as well as cell fusion of pluripotent cells with differentiated cells, have proven to be capable of inducing pluripotency [4] [5] [6] [7] [8] [9] . This remarkable transformation has been interpreted as a reversion of mature into more primitive developmental states, with a concomitant erasure of developmentally relevant epigenetic information 10 . Therefore, direct reprogramming between divergent lineages could be unique to reprogramming into an embryonic state, and might not be possible between different somatic cell states. However, cell fusion or forced expression of lineage-specific genes in somatic cells can induce traits of other cell types 11, 12 . For example, the basic helix-loop-helix (bHLH) transcription factor MyoD (also called Myod1) can induce muscle-specific properties in fibroblasts but not hepatocytes 13, 14 ; ectopic expression of interleukin (IL)-2 and granulocyte-macrophage colony-stimulating factor receptors can lead to myeloid conversion in committed lymphoid progenitor cells 15 ; expression of Cebpa in B cells or PU.1 (also called Sfpi1) and Cebpa in fibroblasts induces characteristics of macrophages [16] [17] [18] ; deletion of Pax5 can induce B cells to de-differentiate towards a common lymphoid progenitor 19 ; and the bHLH transcription factor neurogenin 3, in combination with Pdx1 and Mafa, can efficiently convert pancreatic exocrine cells into functional b-cells in vivo 20 . Here, we set out to determine whether specific transcription factors could directly convert fibroblasts into functional neurons.
A screen for neuronal-fate-inducing factors Reasoning that multiple transcription factors would probably be required to reprogram fibroblasts to a neuronal fate, we cloned a total of 19 genes that are specifically expressed in neural tissues, have important roles in neural development, or have been implicated in epigenetic reprogramming (Supplementary Table 1 ). A pool of lentiviruses containing all 19 genes (19F pool) was prepared to infect mouse embryonic fibroblasts (MEFs) from TauEGFP knock-in mice, which express EGFP specifically in neurons 21, 22 (see Fig. 1a for experimental outline). Great care was taken to exclude neural tissue from the MEF preparation, and we were unable to detect evidence for the presence of neurons or neural progenitor cells in these cultures using immunofluorescence, fluorescence activated cell sorting (FACS) and polymerase chain reaction with reverse transcription (RT-PCR) analyses ( Supplementary Fig. 1 ). However, uninfected MEFs did contain rare Tuj1-positive, TauEGFP-negative cells with fibroblast-like morphology, indicative of weak Tuj1 (that is, b-III-tubulin) expression in non-neuronal cells (Fig. 1b, c and Supplementary Fig. 1a ). In contrast, 32 days after infection with the 19F pool, we detected Tuj1-positive cells with typical neuronal morphologies and bright TauEGFP fluorescence ( Fig. 1d,e ). Thus, some combination(s) of the genes in the 19F pool was capable of converting MEFs into iN cells.
We next set out to narrow down the number of transcription factors required for generation of iN cells. Given their important roles in neuronal cell fate determination [23] [24] [25] [26] we first tested the bHLH transcription factors Ascl1 (also known as Mash1) and Neurod1 individually. Notably, we observed occasional Tuj1-positive, TauEGFP-positive cells exhibiting a simple mono-or bipolar morphology after infection with only Ascl1 ( Supplementary Fig. 2b ). However, 19F iN cells showed more complex morphologies, which indicated that the activity of Ascl1 alone was not sufficient to recapitulate the full activity of the 19F pool (compare to Fig. 1d, e ). We therefore tested the neuron-inducing activity of Ascl1 in combination with each of the remaining 18 candidate genes ( Supplementary Fig. 2a ). Five genes (Brn2, Brn4 (Pou3f4), Myt1l, Zic1 and Olig2) substantially potentiated the neuron-inducing activity of Ascl1 ( Supplementary Fig. 2a, b ). Importantly, none of these five genes generated iN cells when tested individually (data not shown). Next, we tested whether combinatorial expression of these factors with Ascl1 could further increase the induction of neuron-like cells by infecting TauEGFP MEFs with a pool of Brn2, Myt1l, Zic1, Olig2 and Ascl1 viruses (5F pool). Given its close similarity to Brn2, we did not include Brn4 in the 5F pool. Twelve days after infection, we detected frequent Tuj1positive iN cells with highly complex morphologies ( Fig. 1f ). These 5F iN cells also expressed the pan-neuronal markers MAP2, NeuN and synapsin ( Fig. 1i -j, n). Similar results were obtained with iN cells derived from BALB/c MEFs ( Supplementary Fig. 3a ).
Characterization of 5-factor iN cells
To explore whether iN cells have functional membrane properties similar to neurons, we performed patch-clamp recordings of TauEGFP-positive cells on days 8, 12 and 20 after infection. For the majority of the iN cells analysed (85.1%, n 5 47), action potentials could be elicited by depolarizing the membrane in current-clamp mode (Fig. 1k ). Six cells (14.2%, n 5 42) showed spontaneous action potentials, some as early as 8 days after transduction (Fig. 1m ). These action potentials could be blocked by tetrodotoxin (TTX), a specific inhibitor of Na 1 ion channels ( Supplementary Fig. 3e ). Moreover, in voltage-clamp mode we observed both fast, inactivating inward and outward currents, which probably correspond to opening of voltagedependent K 1 -and Na 1 -channels, respectively, with a possible contribution of Ca 21 channels to the whole-cell currents ( Fig. 1l traces of membrane potential responding to step depolarization by current injection (lower panel). Membrane potential was current-clamped at around 265 mV. l, Representative traces of whole-cell currents in voltage-clamp mode; cells were held at 270 mV; step depolarization from 290 mV to 150 mV at 10-mV intervals was delivered (lower panel). The inset shows Na 1 currents. m, Spontaneous action potentials recorded from a 5F MEF iN cell 8 days after infection. No current injection was applied. n-p, Twenty-two days after infection 5F MEF iN cells expressed synapsin (red, n) and vesicular glutamate transporter 1 (vGLUT1; red, o) or GABA (p). Scale bars: 5 mm (o), 10 mm (e, j, n, p) 20 mm (c, h, i) and 200 mm (f). Supplementary Fig. 3f ). The resting membrane potentials ranged between 230 and 269 mV with an average of ,255 mV on day 20 (n 5 12, Supplementary Tables 2 and 3 ). Additionally, we asked whether these cells possessed functional ligand-gated ion channels. Induced neuronal cells responded to exogenous application of GABA (c-aminobutyric acid), and this response could be blocked by the GABA receptor antagonist picrotoxin ( Supplementary Fig. 3g ). Thus, MEF-derived iN cells seem to exhibit the functional membrane properties of neurons and possess ligand-gated GABA receptors.
We then sought to characterize the neurotransmitter phenotype of iN cells. After 21 days of culture in minimal neuronal media, we detected vGLUT1-positive puncta outlining MAP2-positive neurites of some cells, indicating the presence of excitatory, glutamatergic neurons ( Fig. 1o ). In addition, we found iN cells labelled with antibodies against GABA, the major inhibitory neurotransmitter in brain ( Fig. 1p ). Some iN cells (9 out of ,500) contained the Ca 21 -binding protein calretinin, a marker for cortical interneurons and other neuronal subtypes ( Supplementary Fig. 3c ). No expression of tyrosine hydroxylase, choline acetyltransferase or serotonin was detected. The vast majority of iN cells were negative for peripherin, an intermediate filament characteristic of peripheral neurons (data not shown) 27 .
Functional neurons from tail fibroblasts
To evaluate whether iN cells could also be derived from postnatal cells, we isolated tail-tip fibroblasts (TTFs) from 3-day-old TauEGFP and Rosa26-rtTA mice 28 . Similar to our MEF cultures, we could not detect pre-existing neurons, glia, or neural progenitor cells (Supplementary Fig. 1a ). Twelve days after infecting TTFs with the 5F pool, Tuj1-positive iN cells with a complex, neuronal morphology could be readily detected ( Fig. 2a ). TTF iN cells expressed the pan-neuronal markers NeuN, MAP2 and synapsin ( Fig. 2b , c, f). Electrophysiological recordings 12 days after infection demonstrated an average resting membrane potential of ,257 mV (range: 235 to 270 mV, n 5 11), firing of action potentials (81.8%, n 5 11) ( Fig. 2d ), and expression of functional voltage-gated membrane channel proteins ( Fig. 2e and Supplementary Tables 2 and 3 ). We were also able to detect vGLUT1-positive as well as GABA-positive cells (Fig. 2g, h ). Despite extensive screening (.1,000 iN cells analysed), we were unable to detect tyrosine hydroxylase, choline acetyltransferase, or serotonin expression. Induced neuronal cells exhibited rare peripherin-positive filaments ( Supplementary Fig. 3d ).
Neuronal induction is fast and efficient
Next, we assessed the kinetics and efficiency of 5F iN conversion. In MEFs, Tuj1-positive cells with immature neuron-like morphology were found as early as 3 days after infection (Fig. 3a) . After 5 days, neuronal cells with long, branching processes were readily detected, and over time increasingly complex morphologies were evident, suggesting an active process of maturation in newly formed iN cells (Fig. 3a) . Similarly, we detected TauEGFP expression as early as day five ( Supplementary Fig. 3h ). The fraction of TauEGFP-positive cells remained similar at 8 and 13 days after infection, as determined by FACS analysis, indicating no de novo generation of iN cells after day 8 (Fig. 3b ). Electrophysiological parameters such as action potential height, resting membrane potential, membrane input resistance and membrane capacitance also showed signs of maturation over time ( Fig. 3c-g and Supplementary Tables 2 and 3) .
To estimate the conversion efficiency, we first determined how many of the MEF-derived iN cells divided after induction of the viral transgenes by treating the cells with 5-bromodeoxyuridine (BrdU) throughout the duration of the culture period and beginning 1 day after gene induction. The results showed that the vast majority of iN cells became post mitotic by 24 h after transgene activation (Fig. 3h, i) . This allowed us to roughly estimate the conversion efficiency of our method by quantifying the total number of Tuj1-positive iN cells in the entire dish on day 12, and dividing this number by the number of plated cells (see Methods). Using this method, the efficiency ranged from 1.8% to 7.7% in MEF and TTF iN cells (Fig. 3j ) presumably due to slight variations in titres of the viruses. These calculations might be an underestimation of the true conversion rate because not all cells receive the necessary complement of viral transgenes.
iN cells form functional synapses
Because iN cells exhibited the membrane properties of neurons, we next wanted to assess whether iN cells have the capacity to form functional synapses. To accomplish this we used two independent methods. First, we determined whether iN cells were capable of synaptically integrating into pre-existing neural networks. We used FACS to purify TauEGFPpositive iN cells 7 days after infection and re-plated the 5F iN cells onto neonatal cortical neurons that had been cultured for 7 days in vitro. One week after re-plating, we performed patch-clamp recordings from TauEGFP-positive iN cells and observed spontaneous and rhythmic network activity typical of cortical neurons in culture (Fig. 4a, b) . Both excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) could be evoked after electrical stimulation delivered from a concentric electrode placed 100-150 mm away from the patched iN cells ( Fig. 4b-d ). In the presence of the a-amino-3-hydroxy-5-methyl-4isoxazole propionic acid (AMPA) and NMDA (N-methyl-D-aspartate) receptor channel blockers 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D(-)-2-amino-5-phosphonovaleric acid (D-AP5), spontaneous IPSCs were reliably detected ( Fig. 4c, upper panel) . Evoked IPSCs could be blocked by further addition of picrotoxin ( Fig. 4c,  middle panel) . Similarly, at a holding potential of 270 mV and in the presence of picrotoxin, fast-decaying EPSCs mediated by AMPA receptors could be evoked (Fig. 4d, middle Mg 21 to NMDA receptors), slow-decaying NMDA-receptor-mediated EPSCs could be recorded (Fig. 4d, middle panel) .
Moreover, synaptic responses recorded from iN cells showed signs of short-term synaptic plasticity, such as depression of IPSCs and facilitation of EPSCs during a high-frequency stimulus train (Fig. 4c,  d, lower panels) . The presence of synaptic contacts between iN cells and cortical neurons was independently corroborated by the immunocytochemical detection of synapsin-positive puncta surrounding MAP2-positive dendrites originating from EGFP-positive cells (Fig. 4e, f) . We were also able to observe synaptic responses in similar experiments performed with iN cells derived from TTFs ( Supplementary Fig. 4 ). These data demonstrate that iN cells can form functional postsynaptic compartments and receive synaptic inputs from cortical neurons.
Next we asked whether iN cells were capable of forming synapses with each other. To address this question we plated FACS-sorted TauEGFP-positive, MEF-derived 5F iN cells 8 days after infection onto a monolayer culture of primary astrocytes, which are thought to have an essential role in synaptogenesis 29, 30 . Importantly, we confirmed that these cultures were free of pre-existing Tuj1-or MAP2-positive neurons (data not shown). Patch-clamp recordings at 12-17 days after sorting indicated the presence of spontaneous postsynaptic currents in 5 out of 11 cells (Fig. 4g ). Upon extracellular stimulation, evoked EPSCs could be elicited in a majority of the cells (9 out of 11 cells, Fig. 4h ). Similar to iN cells cultured with primary cortical neurons, we were able to record both NMDA-receptor-mediated (9 out of 11 cells) and AMPA-receptor-mediated EPSCs (8 out of 11 cells; Fig. 4h, i) . Interestingly, we were unable to detect obvious IPSCs in a total of 15 recorded 5F iN cells. These data indicate that iN cells are capable of forming functional synapses with each other, and that the majority of iN cells exhibit an excitatory phenotype.
Genes sufficient for neuronal conversion
As stated earlier, Ascl1 was the only gene from the 5F pool that was sufficient to induce neuron-like cells in MEFs. We next attempted to determine the relative contribution of each of the five genes by removing each gene from the pool and assessing the efficiency of iN cell generation. Surprisingly, only the omission of Ascl1 had a marked effect on induction efficiency ( Supplementary Fig. 6a ). Thus, we tested the effects of removing two genes at a time by evaluating all possible three-gene combinations. Our results indicated that either Ascl1 or both Brn2 and Myt1l must be present to generate iN cells (Fig. 5a ). The most efficient conversions were achieved when Ascl1 and Brn2 were combined with either Myt1l (BAM pool) or Zic1 (BAZ pool). The efficiencies in these conditions were two-to threefold higher than the 5F pool when the total amount of virus was kept constant (Fig. 5a-d) . In this experiment the BAM iN cells appeared to have a more complex morphology than the BAZ cells (Fig. 5c, d and Supplementary Fig. 7) . Therefore, we focused our further analysis on the BAM pool.
MEF-derived BAM iN cells expressed the pan-neuronal markers MAP2 and synapsin (Fig. 5f ). The BAM pool was capable of efficiently generating iN cells from perinatal TTFs ( Fig. 5e and Supplementary  Fig. 8a-e ). After infecting TTFs from adult mice with these three factors, we could detect neuronal cells expressing TauEGFP, Tuj1, NeuN and MAP2 ( Supplementary Fig. 9 ). Importantly, when co-cultured with astrocytes, both MEF and perinatal TTF-derived BAM iN cells were capable of forming functional synapses as determined by the presence of both NMDA-and AMPA-receptor mediated EPSCs (Fig. 5g, h) . Similar to 5F iN cells, no IPSCs were detected in MEFderived (n 5 16) or TTF-derived (n 5 12) BAM iN cells. This functional evidence indicates that a majority of BAM iN cells are excitatory. Indeed, 53% (111 out of 211 cells) of MEF BAM iN cells expressed Tbr1, a marker of excitatory cortical neurons, whereas less than 1% (3 out of ,500 cells) were GAD-positive ( Supplementary Fig. 8f ).
Our results left open the possibility that one or two factors might be able to induce functional neuronal properties in MEFs. Thus, we tested smaller subsets of the BAM pool to determine their functionality. In many Ascl1-induced cells, current injection elicited action potentials, but their properties appeared to be immature, consistent with their simple neurite morphology ( Fig. 5i and Supplementary Fig. 2b ). MEFs infected with Ascl1 and Brn2 or Myt1l generated more mature action potentials and displayed more complex neuronal morphologies. In contrast, the majority of BAM iN cells exhibited repetitive action potentials with more mature characteristics, and displayed the most ARTICLES complex neuronal morphologies. Thus, it seems likely that Ascl1 alone is sufficient to induce some neuronal traits, such as expression of functional voltage-dependent channel proteins that are necessary for the generation of action potentials; however, co-infection of additional factors is necessary to facilitate neuronal conversion and maturation.
Discussion
Here we show that expression of three transcription factors can rapidly and efficiently convert mouse fibroblasts into functional neurons (iN cells). Although the single factor Ascl1 was sufficient to induce immature neuronal features, the additional expression of Brn2 and Myt1l generated mature iN cells with efficiencies of up to 19.5% ( Supplementary Fig. 6b ). Three-factor iN cells displayed functional neuronal properties such as the generation of trains of action potentials and synapse formation. These transcription factors were identified from a total of 19 candidates that we selected because of their specific expression in neural cell types or their roles in reprogramming to pluripotency (see Methods).
Despite the heterogeneity of embryonic and TTF cultures, the highly efficient nature of this process effectively rules out the possibility that directed differentiation of rare stem or precursor cells with neurogenic potential can explain our observations. Future studies will have to be performed to unequivocally demonstrate that terminally differentiated cells such as mature B or T lymphocytes can be directly converted into neurons using this approach 31, 32 .
It will now be of great interest to decipher the molecular mechanism of this fibroblast to neuron conversion. We assume that high expression levels of strong neural cell-fate-determining transcription factors can activate salient features of the neuronal transcriptional program. Auto-regulatory feedback and feed forward activation of downstream transcriptional regulators could then reinforce the expression of important cell-fate-determining genes and help to further stabilize the induced transcriptional program. Robust changes in transcriptional activity could also lead to genome-wide adjustments of repressive and active epigenetic features such as DNA methylation, histone modifications and changes of chromatin remodelling complexes that further stabilize the new transcriptional network 12, 33 . It is possible that certain subpopulations of cells are 'primed' to respond to these factors, depending on their pre-existing transcriptional or epigenetic states 34 .
The majority of iN cells described in this report are excitatory and express markers of cortical identity. A low proportion of iN cells expressed markers of GABAergic neurons, but no other neurotransmitter phenotypes were detected. Our data indicate the intriguing possibility that additional combinations of neural transcription factors might also be able to generate functional neurons whose phenotypes remain to be explored. One of the next important steps will be to generate iN cells of other specific neuronal subtypes and from human cells.
Future studies will be necessary to determine whether iN cells could represent an alternative method to generate patient-specific neurons. The generation of iN cells is fast, efficient and devoid of tumorigenic pluripotent stem cells, a key complication of induced pluripotent stem cell approaches in regenerative medicine. Therefore, iN cells could provide a novel and powerful system for studying cellular identity and plasticity, neurological disease modelling, drug discovery and regenerative medicine.
METHODS SUMMARY
Fibroblast isolation, cell culture and molecular cloning. Homozygous TauEGFP knock-in mice 21 were purchased from the Jackson Laboratories and bred with C57BL/6 mice (Taconic) to generate TauEGFP heterozygous embryos. MEFs were isolated from E14.5 embryos using a dissection microscope (Leica). Tail tips were sliced into small pieces, trypsinized and plated to derive fibroblast cultures. All fibroblasts were expanded for three passages before being used for experiments. Complementary DNAs for candidate genes were cloned into doxycycline-inducible lentiviral vectors, as described previously 35 . MEFs were infected overnight and cultured in MEF media with doxycycline for 48 h before being transferred into N3 media with doxycycline. FACS analysis, cortical cultures, glia cultures. For glia and cortical co-cultures cells were trypsinized 8 days after infection and EGFP-positive cells were isolated using a FACS Aria II (Becton Dickinson). EGFP-positive cells were replated on 7 days in vitro cortical cultures from wild-type p0 mice, or alternatively, passage three primary astrocytes isolated from p5 pups (as described previously 30, 36, 37 ). Electrophysiology and immunofluorescence analysis. Cells were analysed at indicated times after infection. Action potentials were recorded with currentclamp whole-cell configuration. The pipette solution for current-clamp experiments contained (in mM) 123 K-gluconate, 10 KCl, 1 MgCl 2 , 10 HEPES, 1 EGTA, 0.1 CaCl 2 , 1 K 2 ATP, 0.2 Na 4 GTP and 4 glucose, pH adjusted to 7.2 with KOH. Membrane potentials were kept around 265 to 270 mV, and step currents were injected to elicit action potentials. Whole-cell currents including sodium currents, potassium currents were recorded at a holding potential of 270 mV, voltage steps ranging from 280 mV to 190 mV were delivered at 10 mV increments. Synaptic responses were measured as described previously 36, 37 .
For immunofluorescence experiments, cells were fixed in 4% paraformaldehyde in PBS for 10 min. Antibodies were diluted to indicated concentrations (see Methods).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
